Strong-post W-beam guardrail is widely used as a roadside barrier throughout the United States and other countries. Guardrail is tested to ensure that it is capable of safely containing and redirecting errant vehicles in accordance with NCHRP Report 350: Recommended Procedures for the Safety Evaluation of Highway Features before being approved for use along roadways (1) . However, in the act of redirecting a vehicle, the guardrail itself will inevitably sustain some amount of damage that will remain until the guardrail can be repaired. No tests have ever been performed to show that guardrail with minor damage can safely redirect vehicles. Although there are many different types of minor damage, this study is concerned with the examination of impacts into guardrail with prior deflection of the rails and posts.
Rail-and-post deflection is one of the most prevalent types of damage in guardrail, most often caused by a lower severity crash. An example of this damage type is shown in Figure 1 . Impacts in which the vehicle speed or angle of impact are lower may result in localized minor deflection. Depending on the impact angle, the deflection may Barriers" to evaluate the performance of guardrail with rail-and-post deflection (5, 6) . These two crash tests represented successive impacts to one point on a guardrail. In accordance with NCHRP Report 350 Test Level 3 (TL3) guidelines, the guardrail was installed at a 25°angle relative to the incoming vehicle trajectory. Because neither the towing system nor the guardrail could be easily reoriented between tests, the first crash test was conducted at 25°as well.
In the first test, a 1997 Chevrolet 2500 pickup truck impacted the guardrail at 30 mph (47 km/h) and 25°. The purpose of this low-speed impact was not to evaluate the performance of the guardrail, but rather to create some minor deflection damage in the guardrail in preparation for the second crash test. No repairs or alterations were made to the guardrail in between this and the second crash test.
The second crash test was performed according to NCHRP Report 350 TL3 standards. A second 1997 Chevrolet 2500 pickup truck impacted the guardrail at 62 mph (100 km/h) and 25°. The vehicle followed the same trajectory as the first crash test and impacted the guardrail where the damage was located. The results of this crash test provided both evidence of the guardrail performance when damaged and data against which the finite element models could be validated.
Finite Element Model
A full-scale finite element model was created from two parts: (a) a model of a 176-ft (53.6-m) length of strong-post W-beam guardrail and (b) a model of a Chevrolet 2500 pickup truck. Each model is described in more detail here. All of the initial conditions for the full scale model were adjusted to match the values specified by NCHRP Report 350 TL3, that is, the vehicle was given an initial velocity of 62 mph (100 km/h) and angle of impact was set to 25°.
Rail-and-post deflection is typically produced by a low severity impact. However, "low severity" encompasses a wide range of initial conditions ranging from high-speed, low-angle impacts to low-speed, high-angle impacts. Ideally, the initial conditions for the low severity impacts in the finite element simulations would be chosen to produce the greatest risk to the vehicle occupants in a second impact. An impact angle of 25°, with varying initial speeds, was selected for the initial conditions for two reasons. The first, and perhaps most important, reason was that the higher impact angle would maximize the potential for pocket formation. Second, the impact angle matched the impact angle of the MGA crash tests. This facilitated a more straightforward comparison between the MGA and finite element results.
Having selected the initial approach angle of the vehicle, getting the desired amount of rail deflection required adjustments to the initial speed of the vehicle. Low-speed impacts in the range of 18.6 to 37.3 mph (30 to 60 km/h) were sufficient to cause 3, 6, 9, and 11 in. of deflection in the rails. Post deflection was also observed, particularly for the higher deflection levels. An example of a completed full scale model with 6 in. (152 mm) of rail deflection and 1.6 in. (41 mm) of post deflection is shown in Figure 2 . In some models, artificial constraints were introduced to prevent post motion so that the effects of the rail deflection could be studied in isolation.
Strong-Post W-Beam Guardrail Model
Strong-post W-beam guardrail is the most widely used of the steel roadside barriers on the national level. It comes in two varieties, the wood post and steel post system. This study focused on the type of guardrail that uses steel posts with plastic blockouts, called the modified G4(1S). A guardrail model with steel posts was selected because the steel posts represent the worst-case scenario for snagging of the vehicle tires during impact. Although the results using a steel post system will be conservative, it was felt to better to err on the side of caution than to allow a borderline hazardous condition to be considered an acceptable amount of deflection.
The basic modified steel strong-post W-beam guardrail model was a publicly available model from the National Crash Analysis Center (NCAC) finite element library (7 ). The model was designed to be used with the LS-DYNA finite element simulation software (8) . The guardrail system was 176 ft (53.6 m) in length from end to end with 29 posts. The midline of the guardrail was 21.65 in (550 mm) high. Routed plastic blockouts were used instead of wood blockouts. The soil supporting the guardrail system was modeled as individual buckets around each post rather than as a continuum body. Each steel post was embedded in a cylindrical volume of soil 6.9 ft (2.1 m) deep and 5.25 ft (1.6 m) in diameter. The soil model was representative of a strong, compacted soil using the material parameters provided with the NCAC guardrail model.
Only one modification was made to the NCAC guardrail model because the model had been previously validated (9) . The stiffness of the springs holding the splice bolts together was increased from 15 kip to 540 kip (66.5 to 2,400 kN) to keep the splice bolts from unrealistically separating during impact. The increase in stiffness reflected the bolt strength used in a model developed for a Texas Transportation Institute (TTI) study on guardrails encased in paved mow strips (10) .
Pickup Truck Model
To simulate a crash test, a model of a test vehicle matching the NCHRP Report 350 test criteria was also needed. The detailed model of a 1994 Chevrolet 2500 pickup truck was also available from the NCAC library. This model was Version 0.7 that was published to the online NCAC library on Nov. 3, 2008 (11) . Like the guardrail model, this vehicle model was designed to be used with the LS-DYNA finite element solver. The success or failure of a crash test can depend greatly on the relative height of the vehicle and guardrail. Marzougui et al. found that lowering the height of the guardrail by 2.5 in (60 mm) could cause the vehicle to vault over the guardrail (12) . Although the height of the guardrail was not changed in this study, bumper heights of the Chevrolet 2500 pickup truck, the test vehicle that is frequently used in NCHRP Report 350 crash tests, have been observed to vary from test to test.
Vehicles with higher bumper heights have higher centers of gravity and are more prone to vaulting and rolling when striking a guardrail.
The finite element vehicle model should match the recorded dimensions of the real test vehicles to maximize accuracy. However, the test vehicles of the three crash tests used as validation cases for this study, the TTI 405421-1 (13) and MGA crash tests, had drastically different bumper heights, as shown in Table 1 . This necessitated the development of alternative vehicle models to match the dimensions in all of the crash tests.
The original NCAC vehicle model dimensions matched the TTI 405421-1 test vehicle dimensions, meaning that only one alternative vehicle model was needed to represent all of the crash test vehicles. A modified version of the original NCAC vehicle was developed to match the different dimensions of the MGA crash tests. However, the remaining finite element simulations were conducted with the original vehicle model because it more closely represented the vehicle dimensions in most crash test reports.
Planned Simulations
A series of simulations was planned to determine how much deflection could be permitted in a strong-post W-beam guardrail without compromising the safety of the system. All simulations were conducted with the LS-DYNA 971 finite element solver. Simulations with combined rail-and-post deflection were conducted for 3, 6, 9, and 11 in. (76, 152, 229, and 279 mm) of deflection. These combined rail-and-post deflection simulations were run twice, once with post separation allowed and again with a critical post prevented from separating from the rail. These constraints were applied only in the simulations of the second impacts because post separation did not occur in the lower severity first impacts. A Hampton, Gabauer, and Gabler 97 small number of simulations in which only rail deflection was allowed were also conducted for 3 and 6 in. of deflection. Larger rail deflections would not occur without also deflecting the posts.
RESULTS

Full-Scale Crash Tests
In the first crash test, the vehicle struck the guardrail at a speed of 30 mph ( The day after the low severity impact, a second high-speed test was run. A second pickup truck impacted the guardrail at the same initial impact point and area damaged by the previous vehicle. The impact conditions were 62.1 mph (99.9 km/h) at 25.5°. Because of the damage that was already incurred to the guardrail, the vehicle failed to redirect and overrode the guardrail. The vehicle returned to ground on the opposite side of the guardrail and continued to travel at 43.2 mph (69.5 km/h) and an angle of 18.7°from the guardrail. Post 13 failed to separate from the guardrail despite the significant amount of rail-and-post deflection during the test. The outcome of these crash tests demonstrated that there are limits to the amount of damage that can be sustained by guardrails while still maintaining the functional capacity. This test showed that 14.5 in. (368.3 mm) of deflection damage in a guardrail represented an unacceptable condition that warrants high priority repair. However, the exact amount of deflection delineating acceptable and unacceptable performance was still unknown. The performance of guardrail with lower amounts of deflection was evaluated, as described in the following sections, with finite element models to determine the threshold of allowable deflection.
Validation of Finite Element Model
Before running the deflection simulations, it was important to show that the finite element model was both able to reproduce the results of a documented crash test and applicable to conditions outside those of the validation test. To demonstrate this capability, the same finite element model was used to predict the outcome of three crash tests. In TTI Test 405421-1, a Chevrolet 2500 pickup truck impacted an undamaged guardrail and was successfully redirected (13) . The remaining two tests were the previously discussed MGA C08C3-027.1 (5) and MGA C08C3-027.2 crash tests (6) . By validating against multiple crash tests, the acceptability of using the finite element approach to model a wide range of crash conditions could be assured.
A series of photos from the TTI and second MGA crash tests and simulations is shown in Figure 4 . For both tests, there was good visual agreement between the real crash test and the finite element Table 2 . The simulation of the TTI crash test agreed well with the reported data from the test report. The exit speed and angle, occupant impact velocities, and maximum vehicle rotations for the simulation were all similar. The greatest deviation was observed in the maximum observed dynamic guardrail deflection, which was 1 ft (0.3 m) lower in the simulation than in the crash test. The lower deflection of the simulation was related to the higher stiffness of the soil in the finite element model relative to the crash test.
The first MGA crash test, a low-speed collision intended to cause a minor amount of deflection, was successfully reproduced. A simulation speed of 32 mph (52 km/h) was required to reproduce the 14.5 in. (368 mm) of deflection observed in the 30 mph (48.3 km/h) crash test. For the second MGA crash test, initial attempts at reproducing the results were unsuccessful. A critical factor in the outcome of the crash test was found to be the failure of Post 13, located roughly 12.8 ft (3.9 m) downstream of the impact point, to separate from the rail during both the first and second impacts. The addition of a constraint on the same post in the simulations changed the outcome of the simulation from a successful redirection to failure by the vehicle vaulting over the guardrail. Occupant impact velocities and ridedown accelerations were below the NCHRP Report 350 limits in all the crash tests and simulations. The roll and pitch in the simulation matched well with the TTI 405421-1 crash test. 
Rail-and-Post Deflection Simulations
The MGA tests demonstrated that the separation of posts from the rails could radically change the crash performance of strong-post W-beam guardrail. Finite element modeling may not be able to accurately predict which behavior will occur in a real crash when relevant factors such as soil strength or bolt position are not known. The approach was to bracket the crash performance by conducting two series of simulations. In the first series, the rails and posts were allowed to separate. In the second series, a single post was prevented from separating.
This constraint was applied to Post 17, located 12.5 ft (3.8 m) downstream of the impact point, which maximized the effect on vehicle performance.
In the first set of simulations, guardrail with combined rail-andpost deflection of deflection of 3, 6, 9, and 11 in. (76, 152, 229, and 279 mm) was tested. The NCHRP Report 350 test values recorded for each simulation are shown in Table 3 . Despite the huge difference in performance between the MGA test simulation and the undamaged simulation, there was very little variation in performance between the simulations of lesser deflection. Even the simu- In the second series of simulations, the models were set up in an identical manner, except that a constraint was added to a post located 12.5 ft (3.8 m) downstream of the impact point to prevent the rail and post from separating. NCHRP Report 350 results are shown in Table 4 . The outcomes of these simulations are shown in Figure 5 . The vehicle began to move upward and roll with increasing amounts of prior deflection damage. The vehicle eventually rolled onto its side when the deflection damage reached 11 in. (279 mm). However, even at 6 in. (152 mm) of deflection, the roll was very high and reached more than 35°before the vehicle began to recover. Figure 6 shows the local vehicle velocity at the center of gravity as a function of time for both the separation-constrained and unconstrained simulations. There was almost no difference in the velocity between the undamaged simulation and the unconstrained rail-andpost deflection simulations. All of the exit speeds were in the range of 31 to 35 mph (50 to 56 km/h). The velocities for the simulations with a fixed post were a little more varied. The vehicle in the 11-in. simulation retained the most speed because of rolling on its side, which limited the amount of interaction with the guardrail. The 3-in. simulation vehicle showed the lowest amount of roll and lost more speed because of more opportunities to interact with the posts.
There were increases in the maximum deflection of the guardrail with increasing extent of rail-and-post deflection for both sets of simulations, as shown in Figure 7 . However, for both sets, each additional 3 in. (75 mm) in preexisting deflection yielded only 0.8 to 1.6 in. (20 to 40 mm) of extra dynamic deflection. The limited effect of the preexisting deflection was attributed to the narrow range over which the damage was incurred on the rail.
Rail Deflection-Only Simulations
Two simulations in which only rail deflection was allowed were created to determine the relative contributions of the rails versus those of Between the undamaged and 6 in. rail-only deflection simulation, the roll and pitch decreased by less than 4°and the maximum dynamic deflection increased by less than 3%. The longitudinal occupant impact velocity showed the greatest increase, rising to 27 ft/s (8.2 m/s) from 24.6 ft/s (7.5 m/s), but was still within the recommended limit. The lack of change in crash test outcome for rail-only deflection support the earlier theory the contributions of the posts may be more important in predicting the outcome of a crash.
DISCUSSION OF RESULTS
Importance of Rail-and-Post Separation
A critical contribution to the vaulting of the vehicle in the MGA crash test was believed to be the failure of some of the posts to detach from the guardrail. In the second MGA crash test, a post failed to separate from the rail during impact. In a preliminary simulation of this crash, the post did separate, and the vehicle was successfully redirected. When a constraint was added to prevent the rail from separating from the post, the vehicle vaulted over the guardrail. The deflection of this post during impact was believed to have pulled the rail downward as the post deflected back, enhancing the chance of the vehicle vaulting over the guardrail.
Simulations of Rail-and-Post Deflection
In the simulations of the 3, 6, 9, and 11 in. (76, 152, 229, and 279 mm) of rail-and-post deflection with no separation constraints, minor rail-and-post deflection had very little effect on the simulation results. The occupant impact velocity (a measure of the speed with which the occupant will strike the inside compartment of the vehicle), ridedown, and 50 ms average accelerations were satisfactory, and the increases in maximum deflection were less than the increase in prior deflection. When the simulations were altered to prevent a post from separating from the rail, different outcomes were observed. The vehicle roll increased with increasing preexisting deflection. The vehicle overturned during impact with a guardrail having 11 in. (279 mm) of preexisting rail deflection. Even for as little as 6 in. of rail deflection, substantial rolling was observed.
By failing to separate, two different hazardous conditions can be created. If the post remains mostly upright, the vehicle may be at greater risk of snagging. Another possible outcome was reflected in the results of the MGA crash test. If an unseparated post was deflected backward and downward, as in the simulations with greater than 6 in. (152 mm) of deflection, the rail is pulled downward as well and the risk of vaulting is increased.
The vehicle behaviors for both 3 and 6 in. (76 and 152 mm) of rail deflection without post deflection were a little different from that of the undamaged simulation. The static and dynamic guardrail deflections were almost unchanged. These results provide further support for the theory that the behavior of the posts in strong-post guardrail systems can strongly influence the outcome of a crash test.
Effects of Prior Damage on Rail Height
Existing literature has suggested that rail height can be a major contributor to vaulting (12) . The rails in the finite element simulations were examined to determine whether the minor rail deflection incurred in the first impact resulted in changes in the rail height that could be correlated to the outcome of the simulated second impact. The hypothesis was that the preexisting damage would lower the rail height and lead to the vehicle vaulting. Figure 8 presents the minimum height of the rail bottom, maximum height of the rail top, and the length of preexisting deflection after the first impact but before the second impact. All of the measurements were made from the simulations with a separation constraint added. This situation represented the worst case scenario for vaulting because the deflection of the post would pull the rail downward as it deflected. Figure 8 shows that one consequence of an impact is that the rail flattens. The bottom of the rail moved downward from 15. imum height of the guardrail increased with increasing deflection, indicating that the guardrail was becoming increasingly flattened. The length of deflection also increased with increasing magnitude of deflection. These results indicate that the initial hypothesis was not correct and that the height of the bottom of the rail or the damage length may have been larger contributors to the crash outcome in these simulations. These findings do not disprove the significance of rail height but rather imply that there can be multiple factors, such as flattening, that contribute to a vehicle vaulting over a barrier.
Evaluation of Rail Rupture Potential
Localized tearing is possible in impacts of this type, but our model was not configured to accurately compute element tearing resulting from localized stress concentrations and did not include failure criteria for the steel components. The model was meshed using large element sizes 0.4 to 0.6 in (10 to 40 mm), which were appropriate for determining vehicle dynamics but were too coarse to realistically model the initiation and propagation of tears. As an alternative, the tension carried by the rails was used to determine the relative risk of rail rupture.
Ray et al. conducted a study on rail rupture in crash tests that showed that rails can carry up to 92.2 kip (410 kN) under quasi static loading (14) . To assess whether rail rupture was a concern when the guardrail had sustained prior damage, the maximum tension was measured for all simulations. The maximum tension carried by the guardrail in the undamaged TTI 405421-1 simulation was 53.4 kip (237.5 kN). For the deflected guardrail, the maximum rail tension increased by less than 10% for the guardrails with a post constrained from separating and less than 25% for the freely separating guardrails, even with the prior deflection as high as 11 in. (279.4 mm) (2).
Other Variables Affecting Crash Performance
Marzougui et al. concluded that lowering the guardrail resulted in unacceptable crash performance (12) . However, the examination of rail height in a previous section showed that changes in the vehicle height were not exactly analogous to changes in the rail height. Although the height of the guardrail was not changed in this study, it was noted that the Chevrolet 2500 pickup truck does vary in height and center of gravity. A test vehicle with a higher height than finite element model would then be expected to have a greater risk of vaulting and rollover, necessitating a lower deflection threshold.
Another factor that can influence a crash test outcome is the strength of the soil around the posts. The soil used in this model was a strong, compacted soil, which minimized post deflection and maximized the chance of snagging. However, if the soil was weaker or the guardrail was installed on a backslope, the lateral stiffness of the guardrail would decrease. This would increase both the deflection of the guardrail and the risk of vaulting.
CONCLUSIONS
This study examined the crash performance of strong-post W-beam guardrail with rail-and-post deflection from a previous impact. Crash tests and finite element simulations of second impacts into damaged guardrail have shown that the combination of rail-and-post deflection can negatively affect the crash performance. These results were supported by the following:
• Crash tests demonstrated that 14.5 in. (368 mm) of rail-and-post deflection with a damage length of 36 ft (11 m) was a damage level requiring high priority repair. Two full-scale crash tests were conducted to evaluate the limits of acceptable rail-and-post deflection in crash-damaged strong-post W-beam guardrail. The damaged barrier failed to contain the Chevrolet 2500 pickup truck that impacted at 62 mph (100 km/h) and 26.4°. The vehicle vaulted over the guardrail and came to rest upright behind the barrier. A critical factor in the outcome of the test was the failure of a post near the area of impact to separate from the rails during impact.
• Finite element simulations were used to investigate the acceptability of damage levels less than 14.5 in. (368 mm) of rail-and-post deflection. Simulations were conducted for rail-and-post deflection varying from 3 to 11 in. (76 to 279 mm). A series of simulations was run in which a single post was prevented from separating. The vehicle experienced significant roll beginning at 6 in. (152 mm) of deflection and eventually rolled over when the deflection reached 11 in. (279 mm).
• A set of simulations for which only rail deflection was allowed were run for 3 and 6 in. of prior damage. The vehicle and guardrail performance in these simulations were almost unchanged from the undamaged simulation. These results illustrate the importance of post deflection on the crash outcome.
• The tension carried by the guardrail when a post was prevented from separating increased for 3 in. (76 mm) of deflection but was unchanged for all other simulations. However, when the posts could freely separate, the tension increased along with increasing deflection. The largest observed increase was 23.3% over the tension of the undamaged simulation because of 9 in. (229 mm) of deflection. The peak rail tension in the 6 in. (152 mm) simulation was 19.2% higher than the undamaged simulation. These results indicated that rupture risk modestly increased with increasing magnitude of rail-and-post deflection.
• Both the maximum rail height and length of deflection increased with increasing amounts of preexisting deflection. The minimum height was roughly constant amount for any amount of deflection. Each of these factors could be an important contributor to crash income, but the significance of each could not be isolated. Further study will be needed to better understand these factors.
Repair of damaged guardrail with combined rail-and-post deflection exceeding 6 in. (152 mm) is recommended. For strong soils, the crash performance of guardrails with deflection up to 9 in. (229 mm) was adequate, but higher amounts of deflection were not. Adjusting for a margin of safety, that is, to account for softer soils or vehicles with higher centers of gravity, the limit of acceptable rail-and-post deflection was set to 6 in. (152 mm). The presence of any amount of deflection in the guardrail was found to increase the maximum dynamic deflection. Damaged guardrails with hazardous objects directly behind the guardrail should be repaired. The repair of strong-post W-beam guardrail with deflection damage exceeding 9 in. should also be a high priority repair. Guardrail with deflection between 6 to 9 in. (152 mm to 229 mm) should be a moderate priority repair since deflection in this range had a lesser effect on the crash performance.
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